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Charged Rod-Like Nanoparticles Assisting Single-Walled Carbon
Nanotube Dispersion in Water**

By Changwoo Doe, Sung-Min Choi,* Steven R. Kline, Hyung-Sik Jang, and Tae-Hwan Kim
A new dispersant for stabilization of single wall carbon nanotubes (SWNTs) in water that simultaneously utilizes three different

dispersion or stabilization mechanisms: surfactant adsorption, polymeric wrapping, and Coulomb repulsive interaction, has been

demonstrated. The new dispersant, a charged rod-like nanoparticle (cROD), is a cylindrical micelle wrapped by negatively

charged polymers which is fabricated by the aqueous free radical polymerization of a polymerizable cationic surfactant,

cetyltrimethylammonium 4-vinylbenzoate (CTVB), in the presence of sodium 4-styrenesulfonate (NaSS). The surface charge

density of the cRODs is controlled by varying the concentration of NaSS. Dispersions of SWNTs are obtained by sonicating a

mixture of SWNTs and cROD in water, followed by ultra-centrifugation and decanting. While the cRODs with neutral or low

surface change densities (0 and 5 mol % NaSS) result in very low dispersion power and poor stability, the cRODs with high

surface charge densities (15, 25, and 40 mol % NaSS) produce excellent dispersions with SWNT concentration as high as

437 mg L�1 and long term stability. The sharp van Hove transition peaks of the cROD assisted SWNT dispersions indicate

the presence of individually isolated SWNTs. Atomic force microscopy and small angle neutron scattering analysis show that the

dominant encapsulation structure of the cROD assisted SWNTs is surfactant assisted polymeric wrapping. SWNTs dispersed by

the cRODs can be fully dried and easily re-dispersed in water, providing enhanced processibility of SWNTs.
1. Introduction

Single-wall carbon nanotubes (SWNTs) exhibit remarkable

physical properties[1–3] that make the nanotubes excellent

candidates for a variety of potential applications such as

nanoscale electronic[4,5] and quantum devices,[6] and biosen-

sors[7,8] as well as reinforcement for materials.[9,10] Despite

such extraordinary properties of SWNTs, there are still many

issues to be resolved for their practical application. Two of the

key issues are the insolubility and bundling of SWNTs in

aqueous solution due to their strong hydrophobicity[11,12] and

van der Waals attractions,[13] which make the solution

processing of SWNTs for practical applications very proble-
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matic. In recent years, progress has been made in preparing

dispersions of individually isolated SWNTs in aqueous

media using various dispersants such as surfactants,[14–17]

polymers,[11,18–20] lipids,[21–23] or DNAs.[24,25] Typically, the

SWNTs are exfoliated from bundles by sonication and

encapsulated by dispersants, eliminating or minimizing the

interface between the hydrophobic surface of SWNTs and the

aqueous medium. The underlying mechanisms of the encap-

sulation can vary depending on the chemical or physical

properties of the dispersants. For example, the amphiphilicity

of surfactants drive them to form a self-assembled sheath on

the hydrophobic surface of SWNTs in aqueous solution and the

long chain length and flexibility of polymers provide efficient

wrapping around SWNTs. Generally, charged molecules as

dispersants are advantageous, enhancing the stability of SWNT

dispersions by providing repulsive Coulomb interactions

between encapsulated SWNTs. The nucleobases, long chain

length and flexibility, and positive charge of DNAs make them

good dispersants utilizing p-stacking, wrapping, and electro-

static repulsion simultaneously.

While there have been many studies of dispersions of

SWNTs in aqueous solutions as mentioned above, more

effective preparations of SWNT dispersions in aqueous

solutions are still of great interest for applications. A SWNT

dispersion technique that can utilize the advantages of

different types of dispersants simultaneously would provide

synergistic enhancement of SWNT dispersion. While there

have been a few reports which discuss the possible synergistic

enhancement of SWNT dispersion in water,[26,27] it has not

been fully exploited yet. In this work, we report a new
GmbH & Co. KGaA, Weinheim 2685
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Figure 1. Schematic diagram of SWNT dispersion with cRODs.
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dispersant which simultaneously utilizes three different

dispersion mechanisms including surfactant adsorption, poly-

mer wrapping, and charge repulsion to synergistically enhance

the dispersion of SWNTs in water. Simultaneous application of

the three different dispersion mechanisms is achieved by using

polymerized charged rod-like nanoparticles which have

hydrophobic cores surrounded by hydrophilic surfaces with

controlled surface charge densities (cROD, Fig. 1). Since the

cRODs are made of cylindrical micelles encapsulated or

wrapped by negatively charged polymers (polymerized

counterion chains), the cROD is a perfect candidate for the

synergistic SWNT dispersion in water utilizing surfactant self-

assembly, polymer wrapping, and electrostatic repulsion,

simultaneously. During the dispersion process which includes

sonication of the mixture of SWNTs and cRODs in water, the

cRODs may be temporarily disintegrated or deformed by

sonication or contact interaction with SWNTs and re-assemble

on the surface of exfoliated SWNTs, resulting in the two

possible stable encapsulation structures (Fig. 1). The cROD

assisted dispersion of SWNTs in water has been characterized

by UV-vis-NIR spectroscopy, zeta potential measurement,

atomic force microscopy and small-angle neutron scattering

techniques. To our knowledge, this is the first demonstration of

SWNT dispersion in water using polymerized charged rod-like

nanoparticles which provide three different dispersion

mechanisms, surfactant adsorption, polymer wrapping and

charge repulsion, simultaneously.

2. Results and Discussion

Charged rod-like nanoparticles with controlled surface

charge density (cROD) are fabricated by free radical

polymerization of the 4-vinylbenzoate counterions of cetyl-

trimethylammonium 4-vinylbenzoate (CTVB) worm-like

micelles in the presence of varying amounts of sodium

4-styrenesulfonate (NaSS) in water. The surface charge of

the cRODx, where x stands for the NaSS mol % relative to the

CTVB concentration, is controlled by the NaSS co-monomer
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
concentration (0, 5, 15, 25, and 40 mol % relative to the CTVB

concentration for x¼ 0, 5, 15, 25, and 40, respectively) during

the polymerization, thus overcharging the micelles by

incorporating polymerizable anions (SS�). The surface charge

densities (zeta potentials) and structures of the cRODx have

been reported in a previous study.[28] In that study, the zeta

potential of the cRODx changed monotonically from positive

(13 mV) to negative (�44 mV) as the concentration of NaSS

was increased from 0 to 40 mol %. The small angle neutron

scattering (SANS) measurements showed that the cRODx are

stable cylindrical nanoparticles whose diameter is constant at

4 nm. The length of the cRODx initially increases (from 44 nm

when x¼ 0) with x, and after reaching a maximum (85 nm when

x¼ 5 where the surface charge is nearly neutral), it decreases

(to 20 nm when x¼ 40). The cRODx assisted dispersions of

SWNT (cRODx-SWNT) are obtained by sonicating mixtures

of cRODx and SWNTs in D2O. To precipitate bundled SWNTs

and obtain individually isolated cRODx-SWNTs, the disper-

sions are ultracentrifuged, and decanted solutions are used for

further characterization.

The ultra-centrifuged and decanted cRODx-SWNT mix-

tures in D2O did not show any visible aggregates. While the

cRODx-SWNT (with x¼ 0, 5) dispersions are translucent

(x¼ 0) and almost transparent (x¼ 5), indicating low con-

centrations of SWNTs, the cRODx-SWNT (with x¼ 15, 25, and

40) dispersions are dark black, indicating high concentrations

of SWNTs (Fig. 2a). The cROD0-SWNT, which has a low

SWNT concentration, starts to show sludge-like aggregates

after a few days, while all others are stable for more than 8

months. This indicates that the dispersion power of cRODx and

the dispersion stability of cRODx-SWNT are strongly

correlated with the surface charge densities of particles, as

expected. The UV-vis-NIR spectra of all the cRODx-SWNT

dispersions (except the cROD5-SWNT in which the SWNT

concentration is too low for measurement) show sharp van

Hove transition peaks, indicating the presence of individually

isolated SWNTs[14] (Fig. 2b). The SWNT concentrations

estimated from the UV-vis NIR intensities at 744 nm using

Beer’s law are 77 mg L�1, � 0 mg L�1, 437 mg L�1, 292 mg L�1,
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 2685–2691
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Figure 2. a) Photos of the cRODx-SWNT dispersion in water where x
stands for the NaSS mol % relative to the CTVB concentration. The
numbers in the photos are x. b) UV-vis-NIR spectra of the cRODx-SWNT
dispersions in water. The spectra are normalized to 1 at 744 nm and shifted
vertically for visual clarity. c) SWNT concentration in the cRODx-SWNT
dispersions in water determined from UV-vis-NIR spectra. The dashed line
is a guide for the eye.

Figure 3. Zeta potentials of cRODx and cRODx-SWNT in water. The dashed
line (cROD) and dash-dotted line (cRODx-SWNT) are guides for the eye.
and 115 mg L�1 for cRODx-SWNT with x¼ 0, 5, 15, 25, and 40,

respectively (Fig. 2c).

In general, the stability of colloidal particles is greatly

affected by their surface charge density. Therefore, the zeta

potentials of cRODx and cRODx-SWNT with x¼ 0, 5, 15, 25,

and 40 were measured to understand the effects of surface

charge on the dispersion. The zeta potential of cRODx (x¼ 0,

5, 15, 25, and 40; 0.5 wt %) in D2O are 16.2 mV, 4.0 mV,

�17.7 mV, �33.8 mV, and �49.7 mV, respectively, which is

consistent with previous results.[28] The ultra-centrifuged and

decanted cRODx-SWNTs exhibit negative shifts of zeta

potentials compared to the cRODx (Fig. 3). The negative

shift of zeta potentials can be attributed to the negative surface

charges of pristine SWNTs in aqueous solution.[29–31] Although

the zeta potentials of the anisotropic particles obtained by

Smoluchowski’s equation may be underestimated,[32] they are

still useful to qualitatively understand the effects of the surface

charge of the cRODx-SWNTs on the dispersion. As expected,

the poorest quality dispersions occur when the magnitude of

the zeta potential of cRODx-SWNT is near zero.
Adv. Funct. Mater. 2008, 18, 2685–2691 � 2008 WILEY-VCH Verl
To test the re-dispersibility of the cRODx-SWNT in water,

powders of cRODx-SWNT were prepared by freeze-drying the

cRODx-SWNT dispersions. The powders are dispersed in

water by 10 minutes of vortex mixing at the same SWNT

concentrations as before freeze-drying (77 mg L�1, 437 mg L�1,

292 mg L�1, and 115 mg L�1 for x¼ 0, 15, 25, and 40,

respectively) (Supporting Information, Fig. S1a). For more

than 8 months, no visible aggregates are found in the re-

dispersed solutions of cRODx-SWNTs with the NaSS con-

centration greater than 15 mol % (x¼ 15, 25, and 40). On the

other hand, the cROD0-SWNT exhibits sludge-like aggregates

immediately after the re-dispersion, as expected. This confirms

the contribution of Coulomb repulsive interactions to the

stability of SWNT dispersions. For all the cRODx-SWNT re-

dispersed in water, the UV-vis-NIR spectra are practically

identical with the spectra of the dispersions before freeze

drying, showing sharp van Hove transition peaks (Supporting

Information, Fig. S1b). Considering that the van Hove

transition peaks of bundled SWNTs are weakened or flattened

when the electronic structures of SWNTs are disrupted by

bundling,[14] it is interesting to see that the poorly re-dispersed

cROD0-SWNT still shows sharp van Hove transition peaks.

This may indicate that the sludge-like aggregates of cROD0-

SWNTs are aggregated networks of mostly isolated SWNTs

rather than tightly bundled SWNTs.

To understand the encapsulation structures of cRODx-

SWNTs, atomic force microscopy (AFM) measurements were

performed for cROD15-SWNTs which showed the highest

concentration of SWNT in this study. For AFM measurements,

samples were prepared by spin-coating the cROD15-SWNT

dispersion on Si wafers. The diameter distribution of bare

SWNTs (calcined cROD15-SWNTs) is sharply peaked with a

mean value of (1.03� 0.22) nm, indicating that most of the

cROD15-SWNTs are dispersed in an isolated form (Fig. 4a).

The AFM images of cROD15-SWNTs (without calcination)

show a relatively wider diameter distribution, ranging from

1 nm to 5 nm (Fig. 4b). Since the diameter distribution of bare

SWNTs is sharply peaked at 1.03 nm, the wider diameter
ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 2687



F
U
L
L
P
A
P
E
R

C. Doe et al. /Dispersion of Single-Walled Carbon Nanotubes

Figure 4. AFM analyses of cROD15-SWNT a) with and b) without calcina-
tion at 300 8C.
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distribution of cROD15-SWNTs can be attributed to a wide

distribution of the encapsulating shell thickness. For simplicity,

the distribution of encapsulating shell thickness is obtained by

subtracting the mean diameter of bare SWNTs from the

diameter distribution of cROD15-SWNTs. This shell thickness

distribution is well fitted with a Schulz distribution function,

resulting in a mean shell thickness of (0.57� 0.01) nm and

polydispersity of (0.64� 0.01), where the polydispersity (s/t) is

defined with the variance of the shell thickness (s2) and the

number-averaged shell thickness (t).

From the shell thickness distribution, the encapsulation

structure of cROD15-SWNT can be understood as follows.

Since the diameters of SWNT and cROD15 are 1 nm and 4 nm,

respectively, if an isolated SWNT is inserted into the core of

cROD15 (cylindrical encapsulation as depicted in Fig. 1a), the

diameter of cROD15-SWNTs should be 5 nm with an

encapsulating shell thickness of 2 nm. The measured shell

thickness distribution has, however, a mean value of
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
(0.57� 0.01) nm which is much smaller than 2 nm. Therefore,

the cylindrical encapsulation is not the dominant encapsulation

structure of cROD15-SWNT, although it can not be completely

ruled out because some of cROD15-SWNTs show shell

thickness of about 2 nm. Another possible encapsulation

structure is a surfactant assisted polymeric wrapping as

schematically described in Fig. 1b. The driving force of the

polymeric wrapping of cROD15-SWNT can be attributed to the

p-p stacking interaction of the aromatic groups of the

polymerized counterion chains with SWNTs as it is for

DNA[33] or conjugated polymer assisted SWNT[11,19] disper-

sions. Once the negatively charged polymerized counterion

chains are wrapped around the SWNTs, the surfactants

(CTAþ) with positively charged head groups are driven to

attach to the polymeric chains by Coulomb attraction,

providing additional coverage of the SWNT surfaces and

increasing the integrity of the polymeric wrapping. In this

surfactant assisted polymeric wrapping of SWNTs, the shell

thickness is expected to be smaller than 2 nm and have a rather

broad distribution, which agrees with the AFM results. This

suggests that while a small fraction of SWNTs may be

encapsulated by the cylindrical micellar sheath (Fig. 1a), the

majority of the dispersed SWNTs are encapsulated by

surfactant assisted polymeric wrapping (Fig. 1b).

The encapsulation structure of cROD15-SWNT is in contrast

with the SWNTs which are stabilized by in-situ polymerization

of CTVB micelles (p-SWNTs) in water.[16] In this in-situ

polymerization method, the mixture of CTVBs and SWNTs

was free radical polymerized after sonication. It was shown that

the p-SWNTs have cylindrical encapsulation structures where

each SWNT is surrounded by a cylindrical micelle whose outer

surface is wrapped by polymerized counterion chains, resulting

in a well defined shell thickness of 2 nm (as Fig. 1b). This

structural difference between the cROD-SWNTs and the p-

SWNTs can be explained as follows. In the case of the p-

SWNTs, a cylindrical surfactant monolayer is formed on the

surface of an isolated SWNT and the counterions, which reside

near the outer hydrophillic surface of the encapsulating

micelle, are polymerized to lock in the cylindrical surfactant

monolayer. Here, the p-p stacking interaction between the

polymerized counterion chains and the SWNTs are minimized

by the presence of an adsorbed surfactant layer. On the other

hand, in the cRODx-SWNTs, the cRODx has already been

polymerized, and it is more likely that the aromatic polymer

chain at the surface of the micelle may be attached to the

surface of SWNTs by p-p stacking and deformed into the

surfactant assisted polymeric wrapping structure. Once the

polymeric wrapping structure is formed, it would be energe-

tically difficult for the polymer backbone of the cRODs to re-

assemble into the original cylindrical micellar structure due to

the collective p-p stacking and wrapping of the polymerized

counterion chains around the SWNTs.

To understand the in-situ encapsulation structures of the

cRODx-SWNTs in water, SANS measurements were per-

formed on the ultracentrifuged and decanted cRODx-SWNTs

and cRODxs alone (x¼ 15, 25, and 40) in D2O using the NG3
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 2685–2691
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30 m SANS instrument at NIST in Gaithersburg, MD. In the

case of the cRODx alone in D2O, as the NaSS concentration

increases from 15 mol % to 40 mol %, the scattering intensities

in the low q region decrease due to the increased Coulomb

repulsive interactions but the scattering intensities in the high q

region do not change (Fig. 5a) (q> 0.03 Å�1; q¼ (4p/l) sin(u/

2), l is the neutron wavelength, and u is the scattering angle).

Considering that the diameter of all the cRODx are

identical at 4 nm, this indicates that, in the high q region

above q¼ 0.03 Å�1, the scattering intensities are mainly

determined by the form factor (the intra-particle interference)

of the dispersed particles with negligible influence of the inter-

particle interactions. In the case of the cRODx-SWNTs in D2O,

the scattering intensities show similar behavior as that of the

cRODx except small changes around q¼ 0.07 Å�1 (Fig. 5b).

The small changes around q¼ 0.07 Å�1 can be attributed to the
Figure 5. SANS intensities of a) cRODx (0.5wt %) and b) cRODx-SWNT
in D2O (x¼ 15, 25, and 40). The concentrations of SWNTs in the cRODx-
SWNT dispersions are 437mg L�1, 292mg L�1, and 115mg L�1 for x¼ 15,
25, and 40, respectively.

Adv. Funct. Mater. 2008, 18, 2685–2691 � 2008 WILEY-VCH Verl
difference in the SWNT concentrations rather than the effects

of the inter-particle interactions. It should be noted that the

slopes of scattering intensities of the cRODx-SWNTs in the low

q region are steeper (but still lower than q�1) than those of the

corresponding cRODx, which indicates the existence of well

dispersed isolated SWNTs.[34]

As a representative analysis, a model fit of the scattered

intensity of the cROD15-SWNT and the cROD15 alone in D2O

is presented (Fig. 6). Since the structure factor (inter-particle

interference) for highly anisotropic particles such as SWNTs is

not easily calculated, the analysis of the measured SANS

intensities over the full q-range is problematic. However, since

the effects of the structure factor in the high q region is

negligible, the form factor analyses are performed only in the

high q region above q¼ 0.03 Å�1 where all the information for

the cross sectional structures of thin cylindrical particles is

contained. In this analysis, the neutron scattering length

densities of SWNT (4.9� 10�6 Å�2), CTVB (0.35� 10�6 Å�2),

and D2O (6.33� 10�6 Å�2) are used. The scattering intensity of

the cROD15 alone in D2O was analyzed using the cylindrical

form factor resulting in a radius of (1.97� 0.01) nm which is

consistent with the stretched chain length of CTVB (2.18 nm).

Here, the length of the cROD15 was fixed at 42 nm which was

determined in a previous study.[28] The difference between the

simulated curve (dotted line) and the scattering intensity of

cROD15 in the low q region is due to the Coulomb repulsive

interaction mentioned above.

The cROD15-SWNT dispersion, which may contain free

cROD15 not involved in the wrapping of SWNTs, was modeled

by a sum of a cylindrical form factor and a core-shell

cylindrical form factor representing the free cROD15
Figure 6. SANS intensities and model calculations of cROD15 and
cROD15-SWNT in D2O. Model fits have been performed in the high
q-region only (q> 0.03 Å�1, solid lines). The dotted lines indicate simulated
form factors with fitted variables.

ag GmbH & Co. KGaA, Weinheim www.afm-journal.de 2689
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and the cROD15-SWNT, respectively. The scattered

intensity of the cROD15-SWNT dispersion, therefore, can be

described as I(q)¼wfree–cROD Pcyl(q)/nfree–cROD þwcROD–SWNT

Pcore–shell(q)/ncRod–SWNTþ b, where Pcyl(q) is the cylindrical

form factor, Pcore–shell(q) is the core-shell cylindrical form

factor, wfree–cROD is the volume fraction of free cROD15 and

nfree–cROD is the volume of a single free cROD15, wcROD–SWNT

is the volume fraction of cROD15-SWNT and ncROD–SWNT is

the volume of a single cROD15-SWNT, and b is the incoherent

scattering. In this analysis, the dimensions for the cROD15

were fixed at the values determined from the analysis of the

cROD15. To represent the cROD15-SWNT, the core radius and

length of the core-shell cylinder were fixed at 0.5 nm and

500 nm, respectively (both are estimated from AFM images).

Since the AFM results show a broad encapsulation thickness

distribution of the cROD15-SWNTs which is well fitted with a

Schulz distribution function with a polydispersity of 0.64, a

Schulz distribution function with the same polydispersity was

used for the shell thickness of the core-shell cylinder. The

summed model fit agrees well with the scattering intensity of

the cROD15-SWNT dispersion, resulting in an average shell

thickness of 0.87 nm. The volume fractions of the residual

cROD15 and the cROD15-SWNTs were 0.00031 and 0.0034.

While the volume fraction of the residual cROD15 was fitted,

the volume fraction of the cROD15-SWNTs was calculated

from the concentration of bare SWNTs (estimated from the

UV-vis NIR spectrum) and the average shell volume. The

average shell thickness determined from the scattering

intensity is 0.3 nm larger than the value (0.57 nm) obtained

from the AFM measurements. Considering that the scattering

measurements were performed in an aqueous solution while

the AFM images were taken in a dried state, this difference is

understandable. Therefore, the encapsulation structure of the

cROD15-SWNT can be described as a surfactant assisted

polymeric wrapping as depicted in Figure 1b.

3. Conclusions

A new dispersant for stabilizing SWNTs in water that

simultaneously utilizes three different stabilization mechan-

isms including surfactant adsorption, polymeric wrapping and

Coulomb repulsive interaction, has been demonstrated. The

new dispersants, charged rod-like nanoparticles (cRODs), are

fabricated by free radical polymerization of CTVB micelles in

the presence of additional NaSS in water. While the cRODx

with neutral or low surface charge densities (x¼ 0, 5) result in

very low SWNT dispersion power and poor stability, the

cRODx with higher surface charge densities (x¼ 15, 25, 40)

show good homogeneous dispersions and long term stability.

The AFM and SANS measurements show that the encapsula-

tion structure of cRODx-SWNT can be described as surfactant

assisted polymeric wrapping where surfactant adsorption and

polymeric wrapping work synergistically. The cRODx-SWNTs

(x¼ 15, 25, 40) can be fully dried and easily re-dispersed in

water, providing enhanced processibility of SWNTs.
www.afm-journal.de � 2008 WILEY-VCH Verlag GmbH
4. Experiments

Polymerized Rod-like Micelles with Controlled Surface Charge
Density: Cetyltrimethylammonium 4-vinylbenzoate (CTVB) was
synthesized following the method described elsewhere [35]. Sodium
4-styrenesulfonate (NaSS) and D2O (99.9 mol % deuterium enriched)
were purchased from Fluka and Cambridge Isotope Laboratory,
respectively. The water-soluble free-radical initiator VA-044 (2,20-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride) was purchased
from Wako Chemicals. CTVB solutions (1 wt % in D2O) with varying
amounts (0, 5, 15, 25, and 40 mol % relative to the CTVB
concentration) of NaSS were prepared, which form charged worm-
like micelles [28]. To remove residual oxygen, D2O was bubbled with
ultrahigh purity nitrogen gas before use. At 60 8C, 5 mol % (relative to
the CTVB concentration) of the initiator VA-044 was injected into the
CTVB/NaSS solution. Immediately after the injection of initiator, the
CTVB/NaSS solution was vigorously shaken and then put into a
thermal bath at 60 8C for about 12 hours until the polymerization
process was completed. This resulted in solutions of stable polymerized
rod-like nanoparticles with controlled surface charge density depend-
ing on the concentration of NaSS.

Dispersion of SWNTs with Charged Rod-Like Nano Particles: Su-
per-purified HiPco SWNTs (high-pressure CO conversion type,
purity> 98 wt %) were purchased from Carbon Nanotechnologies
Inc. The SWNTs were mixed with cRODx (x¼ 0, 5, 15, 25, and 40; x is
NaSS mol % relative to CTVB) in D2O (2.2 mg mL�1 of SWNTs and
5.5 mg mL�1 of cRODx), followed by sonication (Cole-Parmer
VCX750, 20 kHz, 20 W) for one hour at room temperature. To
separate the individually isolated SWNTs from the bundled ones, the
sonicated mixture was ultra-centrifuged (ca. 111000 g) for 4 hours, and
the supernatant (ca. 70%) of the solution was decanted [14]. Some of
the decanted SWNT solutions were freeze-dried at �55 8C, resulting in
black powders of cRODx-SWNTs.

Zeta Potential Measurements: The surface charge densities of
polymerized CTVBs and dispersed SWNTs with different amounts of
NaSS (cRODx and cRODx-SWNT respectively) were characterized by
zeta potential measurements using a Zeta Plus zeta potential analyzer
(Brookhaven Instruments Corporation). The zeta potential was
calculated by Smoluchowski’s equation via the measurement of the
electrophoretic mobility [32]. Zeta potentials of cRODx-SWNTs were
measured after diluting samples to SWNT concentrations of 30 mg L�1

for detectable signals to be acquired, because SWNTs absorb most of
the light leaving no detectable signals when the dispersion is not
diluted. For zeta potential measurements of cRODx, samples were
prepared at 0.5 wt % particles in D2O.

UV-vis-NIR Measurements of SWNT Dispersions: A Jasco V-570
UV-vis-NIR spectrometer with quartz cells of 2 mm beam path length
was used to characterize the quality of SWNT dispersions and estimate
the concentrations of SWNTs in the dispersions. SWNT dispersions at
very low concentrations (0.05–0.25 mg mL�1) were prepared by
sonicating a mixture of SWNTs and cROD0 (1.1 mg mL�1) in D2O
for 1 hour. Assuming that at such low concentrations, all SWNTs are
fully dispersed and contribute to the UV-vis-NIR intensity at 744 nm
(where the UV spectra from cRODx do not interfere), these low
concentration samples were used as calibration to estimate the
concentration of SWNTs in solution [36]. The extinction coefficient
estimated from the UV-vis NIR measurements of the reference
samples is 32 mL mg�1 cm�1 at 744 nm, which is comparable to the
extinction coefficient reported elsewhere [37–39]. Using the extinction
coefficient obtained above, the concentrations of SWNTs in solutions
were calculated from Beer’s Law, A¼ e L c, where A, e, L, and c are
absorbance, extinction coefficient, beam path length, and concentra-
tion of absorbers, respectively.

Atomic Force Microscope (AFM) Measurements: The AFM
images were taken in tapping mode by using a VEECO AFM
instrument (Nanoman, SECPM). The cRODx-SWNT solution was
spin-coated at 4000 rpm for 1.5 min onto freshly cleaned silicon wafers.
Some of the samples were baked at 300 8C for 4 hours to remove
& Co. KGaA, Weinheim Adv. Funct. Mater. 2008, 18, 2685–2691
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cRODx resulting in bare SWNTs. NanoScope1 III imaging and
analysis software (Digital Instruments) was used to estimate the
diameter distributions of bare SWNTs or cRODx-SWNT from AFM
images.

Small Angle Neutron Scattering (SANS) Measurements: Neutron
scattering experiments were performed on the NG3 30m SANS
instrument at the National Institute of Standards and Technology
(NIST) Center for Neutron Research in Gaithersburg, MD. Neutrons
of wavelength l¼ 6 Å and l¼ 8.4 Å with full width at half-maximum
Dl/l¼ 14% were used. Three different sample-to-detector distances
(SDD¼ 1.3 m and 4 m for l¼ 6 Å, and SDD¼ 13.2 m for l¼ 8.4 Å with
a set of refractive focusing lenses [40]) were used to cover q range of
0.001 Å�1< q< 0.45 Å�1 where q¼ (4p/l) sin(u/2) is the magnitude of
the scattering vector with u being the scattering angle. All the samples
were contained in quartz cells of 2 mm path length. Sample scattering
was corrected for background and empty cell scattering, and the
sensitivity of individual detector pixels. The corrected data sets were
circularly averaged and placed on an absolute scale using software
supplied by NIST [41] through a direct beam flux method.
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